We investigate the potential for the third-order aberrations coma and trefoil to provide a signed cue to accommodation. It is first demonstrated theoretically (with some assumptions) that the point spread function is insensitive to the sign of spherical defocus in the presence of odd-order aberrations. In an experimental investigation, the accommodation response to a sinusoidal change in vergence (1-3 D, 0.2 Hz) of a monochromatic stimulus was obtained with a dynamic infrared optometer. Measurements were obtained in 10 young visually normal individuals with and without custom contact lenses that induced low and high values of r.m.s. trefoil (0.25, 1.03 lm) and coma (0.34, 0.94 lm). Despite variation between subjects, we did not find any statistically significant increase or decrease in the accommodative gain for low levels of trefoil and coma, although effects approached or reached significance for the high levels of trefoil and coma. Theoretical and experimental results indicate that the presence of Zernike third-order aberrations on the eye does not seem to play a crucial role in the dynamics of the accommodation response.
Introduction
For several centuries it has been known that the eye is able to change its power to focus for objects placed at different distances (see Helmholtz, 1924) . This change in focus in the naked eye, known as accommodation, is necessary to improve the retinal image quality and to appreciate the details of objects at difference distances.
There are several monocular cues that activate the accommodative mechanism to make possible an appropriate accommodation response (Heath, 1956) . Some of these are based on subjective judgments, such as cues to distance (Kruger & Pola, 1985) . Besides these subjective cues, there are other optical cues based on objective changes in the retinal image. These include longitudinal chromatic aberration (Kruger, Mathews, Aggarwala, & Sanchez, 1993; Kruger, Mathews, Aggarwala, Yager, & Kruger, 1995; Rucker & Kruger, 2004) , and possibly high-order monochromatic aberrations (Chen, Kruger, Hofer, Singer, & Williams, 2006; Fernández & Artal, 2005; Wilson, Decker, & Roorda, 2002 ) and the Stiles-Crawford effect (Kruger, Ló pez-Gil, & Stark, 2001; Kruger, Stark, & Hu, 2000; Stark, Kruger, & Atchison, 2002) .
Defocus induced by an inaccurate accommodation response can be negative or positive in sign depending on whether the image plane is anterior or posterior to the retina. In a perfect (non-aberrated) eye, the monochromatic retinal image of a point object (the PSF) or of an extended object (assuming isoplanatism in the fovea, Atchison et al., 2006; Navarro, Artal, & Williams, 1993; Williams, Artal, Navarro, McMahon, & Brainard, 1996) is practically the same regardless of the sign of defocus (Mahajan, 1991;  see first column in mechanism for optimising focus (Phillips & Stark, 1977) , optical cues should be based on the possibility of having different retinal images (or point spread functions) depending on the sign of defocus.
Due to the eye's longitudinal chromatic aberration (LCA), the polychromatic point spread function shows a distribution of colours that depends on the amount and sign of defocus, indicating that this aberration could be a good candidate as an optical cue. This fact has been studied widely with both dynamic and static target motion and with various methods for altering experimentally the effective LCA of the eye. The results of these studies show a significant decrease in the accommodative gain when the LCA of the eye is corrected by achromatizing lenses or when monochromatic or quasi-monochromatic light is used as target illumination Fincham, 1951; Kotulak, Morse, & Billock, 1995; Kruger, Aggarwala, Bean, & Mathews, 1997; Kruger et al., 1993) . This response is mediated by neural pathways sensitive to differences in L-and M-cone contrast Lee, Stark, Cohen, & Kruger, 1999; Rucker & Kruger, 2004) , blue-yellow contrast (Aggarwala, Stark, & Kruger, 1999) , and by a chromatic channel (Rucker & Kruger, 2004) . These results clearly demonstrate longitudinal chromatic aberration as an optical cue to accommodation. However, in many of the experiments mentioned previously, some participants did not lose all their accommodative ability in conditions where the cue from LCA was removed. This indicates that other optical cues are being used (Kruger, Mathews, Katz, Aggarwala, & Nowbotsing, 1997) .
At this point, one may wonder if monochromatic aberrations (excluding defocus) can also provide a cue for accommodation. In principle, this question may be answered affirmatively if the monochromatic aberrations generate a different retinal image depending on the sign of defocus, as does longitudinal chromatic aberration. This is true in the general case, as is shown for a real human point spread function (PSF) in the sixth column of Fig. 1 . However, some aberrations could be more responsible for driving accommodation than others. For example, Wilson et al. (2002) found that the visual system is able to identify differences in the PSF between positive and negative induced defocus in the presence of monochromatic aberrations. In particular, the even order aberrations were slightly more correlated with discriminability for positive and negative defocus than total aberration. Wilson et al. (2002) provided a simulated demonstration of the PSF in one eye to show that the odd aberrations do not provide a cue to focus direction.
Although these are interesting results, the expected role of various aberrations in the accommodation response is not known. In Appendix A, we present a theoretical derivation of the potential for odd-order and even-order Zernike aberrations to provide a signed cue to the direction of defocus. An even function represents the sum of wave front aberration functions (such us defocus or spherical aberration) that are invariant under a rotation of 180°. An odd function represents the sum of wave front aberration functions (such as coma or trefoil) that change under a rotation of 180°. If it may be assumed that the entrance pupil and the pupil transmittance function are invariant under a rotation of 180°, we should expect a null role for odd-order aberrations as a cue for accommodation, since in the presence of these aberrations alone the PSF is insensitive to the sign of defocus; that is, the foveal image of an object will be the same whether the paraxial image lies in front of or behind the retina. On the other hand, in principle it is possible that the visual system could use even-order aberrations as a cue for accommodation. Examples of these effects are illustrated in Fig. 1 . Comparing the first to the fifth row, and the second to the fourth row in Fig. 1 , one may appreciate the null effects of the sign of the defocus in the presence of the third-order aberrations coma and trefoil. In contrast, there are differences in the PSFs with spherical aberration for myopic and hyperopic defocus (third column of Fig. 1 ).
The derivation of Appendix A depends on several assumptions that may not be tenable in real eyes. For example, eyes generally do not have only odd-order or only evenorder aberrations. Some even-order aberrations are usually present in the eye, especially astigmatism and spherical aberration (Porter, Guirao, Cox, & Williams, 2001 ). The pupil is not exactly circular (Wyatt, 1995) . Moreover, light transmittance through the eye is not constant or homogeneous, due to inhomogeneity of the optics and decentred Stiles-Crawford (S-C) functions (Applegate & Lakshminarayanan, 1993) . Fig. 2 shows examples of a pupil transmittance function and an entrance pupil shape that are not invariant under a rotation of 180°. These lead to different PSFs depending on the sign of defocus. The S-C function can also interact with ocular aberrations in complicated ways (Stark et al., 2002) . For example, a decentred S-C function combined with third-order aberrations alone can-due to pupil apodization and effective relocation of the entrance pupil-produce the effects of first-and second-order aberrations in the PSF, which, in addition, interact with an odd-error cue provided by the decentred S-C function itself (Fig. 2 , first row; Stark et al., 2002) . Thus, the predictions of Appendix A, while a useful starting point, do not provide an exact description of the possible influence of odd-order aberrations on accommodation.
In the pyramid of Zernike polynomials (Atchison, 2004; Thibos, Hong, Bradley, & Cheng, 2002) , the first two odd-order aberrations are first-order ones; that is, horizontal and vertical tilts. Their role in accommodation would be difficult to evaluate because the visual system has a mechanism to correct them; namely, by just rotating the eye in order to centre the images on the fovea. Therefore, we ignored first order Zernike terms. The next odd radial order aberrations are third-order ones: coma and trefoil. These aberrations cannot be corrected by the eye. In terms of RMS error, they represent the most important aberrations in the eye after the second-order terms of defocus and astigmatism. In fact, their contribution to the total RMS of the eye is usually more that 1.5 times that of any other higher-order aberrations (Castejó n-Mochón, López-Gil, Benito, & Artal, 2002; Guirao, Porter, Williams, & Cox, 2002; Thibos & Hong et al., 2002) . Then if odd-order aberrations were to be used as a cue for accommodation, coma and trefoil should be expected to play an important role. However, our theoretical analysis indicates that alone they could not provide a cue for accommodation. Accordingly, the effect on dynamic accommodation of altering experimentally these two aberrations was investigated.
Methods

Participants
Participants were recruited from the staff and student body of the State University of New York State College of Optometry and from the public. They were included in the study if they met the following criteria: (i) no history of amblyopia, strabismus, or high uncorrected astigmatism as a child; (ii) no history of significant binocular vision anomalies requiring vision therapy; (iii) no history of significant corneal injuries or surgery, or keratoconus; (iv) non-presbyopic; (v) not a rigid gas permeable contact lens wearer; (vi) already a successful soft contact lens wearer; and (vii) able to accommodate well in monochromatic light.
Accommodative ability in monochromatic light varies widely Kruger et al., 1993) , and so it is necessary to exclude participants with poor responses because in these cases it would be difficult or impossible to demonstrate an effect of experimental intervention. In this study, we used a criterion of accommodative gain P0.26 to a monochromatic target moving sinusoidally in depth at 0.195 Hz. This value was based on an analysis of data from 35 young normal individuals participating in various studies in the lab at SUNY during the summer of 1999, and represents the median accommodative gain in the group.
Finally, volunteers were included only if a trial fitting of one of the aberration-inducing soft contact lenses (see Section 2.2) demonstrated that the lens had acceptable movement on the eye, and could be worn comfortably without excessive tear production or excessive blinking (see Section 2.4.4).
Twenty-six individuals volunteered to participate in the experiment, and of these 11 did not meet the inclusion criteria. In addition, one participant was excluded because they moved out of the area during the study. Fig. 2 . Effect of the sign of defocus (C 0 2 ¼ AE1 mmÞ on the point spread function computed with two pupil transmittance functions that are not invariant under a 180°rotation. The simulation in the first row is for a circular pupil with a decentred Stiles-Crawford function typical of population norms (peak decentred 0.5 mm nasally and 0.2 mm superiorly, with base-10 q = À0.05; Applegate and Lakshminarayanan, 1993) . The lation in the second row is for a centred equilateral triangular pupil 3.65 mm on one side, but with a uniform transmittance function.
Data were collected for the remaining 14 participants. All volunteers gave informed written consent to participation in the study. The experiment followed the tenets of the Declaration of Helsinki. It was approved by the Institutional Review Board of the State University of New York State College of Optometry.
It was necessary to exclude collected data from four participants at the analysis stage of the study. Three participants had pupil sizes smaller than 5.7 mm in the control condition, precluding standardization of their Zernike wave aberration coefficients to a common normalization radius. Data from one participant could not be included due to some missing accommodation data. Thus, only the data for 10 participants were included in the analysis.
The 10 participants whose data were included in the analysis were 23-37 years of age with a mean of 26.1 years. There were 3 males and 7 females. In the left eye, visual acuities varied in the range À0.18 to 0.02 log MAR with a mean of À0.024 log MAR. In the right eye, visual acuities varied in the range À0.18 to 0.04 log MAR with a mean of À0.028 log -MAR. Visual acuity differed between eyes by no more than 0.06 log MAR. Best sphere objective ocular refractions in the tested left eye were in the range À4.7 D to À1.1 D, with a mean of À3.0 D. No participants had a history of significant ocular pathology.
Generation of odd aberrations
The third-order odd aberrations coma and trefoil were induced with specially designed soft contact lenses . Five contact lenses were used: two inducing coma (designated low coma and high coma), two inducing trefoil (designated low trefoil and high trefoil), and another with À0.36 lm of defocus, designated as the control lens. In addition, two contact lenses inducing negative spherical aberration were interleaved within the experimental protocol, but the results from those lenses will be reported in another paper.
The contact lenses were manufactured to specific numerical design criteria with an asymmetric lathe . The inspection of lenses was made in vitro with a multiple-wave Fizeau-Tolanski interferometer (Fermigier, Joyeux, & Chateau, 2001) , and in vivo by measurement of the ocular wave front aberration (OWA) of the eye with and without contact lenses. In vivo measurements were performed in a previous study (some results are shown in Ló pez- and in all the participants of the present study (see later, in 
In vivo aberrations of contact lenses
Ocular wave front aberrations of the contact lens in vivo were obtained by subtracting the eye's natural OWA from the measured OWA with the contact lens in place (Ló pez-Gil et al., 2003) . This procedure is shown schematically in Fig. 3 The induced values of trefoil and coma in our low trefoil and low coma conditions are similar in magnitude to their respective ocular population means. Thus, it is likely that most of the participants wearing these lenses would have had on-eye values of coma and trefoil quite different from their natural aberrations. Moreover, we also induced very large values of coma and trefoil in the order of 1 lm in the high coma and high trefoil conditions. In these conditions, the induced aberrations would have been dominant and the participant's point spread function would have exhibited a clear coma-like or trefoil-like shape (excluding defocus). Fig. 4 shows that in most of the subjects, RMS coma and RMS trefoil increase after wearing any of the contact lenses used, so there was no practical compensation of CL aberration by the participants' natural ocular aberrations.
Centration and orientation of contact lenses
The aberrations induced by a contact lens could change when it is in place on the eye either because its average centration or orientation is incorrect, or dynamically because its centration or orientation change during the course of an eye blink . Each of these situations will be addressed separately.
Static errors.
The in vivo wave front of the contact lens shown in Fig. 3 is an example of the effects of CL decentration. It may be observed that the pupil centre (marked with a white cross) does not correspond to the centre of the wave front (marked with a black cross). We did not measure the static translations of the contact lenses from pupil centre in the current study. Nevertheless, it is simple to demonstrate that decentration of a device containing only third-order aberrations generates extra secondand first-order aberrations whose values depend on the decentration direction and magnitude . For this reason, undesired second-order aberrations generated by static translations of the contact lenses were measured individually in vivo by aberrometry (see Section 2.4.5) and corrected as closely as possible with sphero-cylindrical trial lenses. The estimated residual cylindrical refractive error (N = 9 participants) while wearing the CLs was on average 0.20 D (corresponding to 0.13 lm for a pupil of 5.7 mm), with a range of 0.01-0.88 D.
The induced aberration could change, theoretically, due to rotation of the contact lens away from its designed orientation. For example, in Fig. 3 the contact lens should create vertical coma, but when the CL was on the eye the coma was rotated about 20°in a counter clockwise direction Fig. 3 . Schematic procedure to obtain the in vivo value of the aberration induced with the specially designed contact lenses. On the left side is shown the wave front and associated PSF of an eye wearing a CL. In the middle is presented the wave front and associated PSF of the same eye but without a CL. The in vivo aberration of the CL is obtained by subtraction of one from the other: the result is shown on the right. Black and white crosses on the right aberration map indicate the CL centre and the participant's pupil centre, respectively. ( Fig. 3) . Nevertheless, because of this possibility, we used the RMS values of astigmatism, coma and trefoil in Campbell's (2003) scheme instead of the values of the respective Zernike coefficients. When induced wave front aberration is expressed in this scheme, the terms are much less variable. In the case of defocus (R 2,0 ), astigmatism (R 2,2 ), coma (R 3,1 ) and trefoil (R 3,3 ), the RMS was calculated as the vector sum of the relevant Zernike coefficients; that is
, and R 3;3 ¼ ½ðC
. Pure rotation of a CL with third-order aberration (in the absence of decentration) does not induce aberrations in other orders. Thus, it was possible to account for static rotations of the CLs, because the average in vivo RMS trefoil and RMS coma were measured in every case.
Dynamic errors.
Changes in contact lens centration and orientation during blinks were not measured, but are likely to have been small; about 0.6 mm and 6°, respectively, for soft contact lenses (de Brabander, 2002; Tomlinson, 1983) . Based on these values, it is possible to estimate the largest dynamic error of induced aberration during the course of a blink for each of the contact lenses ). Decentrations of the CLs do not alter the magnitude of third-order aberrations, but they do induce second-order aberrations. Vertical decentrations of 0.6 mm with the low trefoil and high trefoil CLs lead to 0.091 lm and 0.38 lm of RMS second-order astigmatism, respectively. Vertical decentrations of 0.6 mm with the low coma and high coma CLs lead to 0.12 lm and 0.34 lm of RMS second-order astigmatism, respectively. In addition, second-order defocus alters with CL decentration by up to 0.18 lm and 0.49 lm for low coma and high coma CLs, respectively.
Rotations of the CLs do not alter the magnitude of third-order RMS trefoil and RMS coma, as noted previously. Of course, the phase angles of trefoil and coma would rotate dynamically by up to 6°. Rotations of the CLs do not induce second-order aberrations.
Although some of these dynamic errors are not negligible, we should take into account that they are maximum values occurring only during blinks, and that measures were in place to correct for static CL decentration and rotations.
Apparatus
Accommodation was monitored at 100 Hz with an infrared optometer (Kruger, 1979) , while targets were presented to the participant in an integrated Badal optical system, described in detail by Kruger, Stark, and Nguyen (2004) . Essentially, a target is presented in non-Maxwellian view (Westheimer, 1966) , back illuminated by quasi-monochromatic light (552 nm, 10 nm bandwidth). The target in this study consists of a series of concentric rings and radiating spokes in the shape of a ship's wheel, and has a diameter of 5.3° (Fig. 5) . This target was chosen because it provides a broad-band spatial frequency content (Mathews & Kruger, 1994) , a good central fixation point, and, importantly, contains spatial detail at many different orientations. The last feature is essential to prevent biases should certain meridians of target detail be blurred more than others by contact lens induced aberrations. The target is viewed monocularly by the left eye, and the design of the Badal system ensures that the angular size of the target is essentially independent of target vergence (Atchison & Smith, 2000) , thus preventing a variable stimulus to proximal accommodation. The target is viewed through an aperture stop that is imaged close to the entrance pupil plane of the eye ) as a 5.7-mm artificial pupil. The Badal optical system includes an infrared video camera for monitoring alignment of the participant's eye on a calibrated video monitor during trials . Eye pupil sizes under the conditions of the current experiment were greater than 5.7 mm in all cases. The target provides an estimated retinal illuminance of 510 trolands for the 5.7-mm artificial pupil.
Procedures 2.4.1. Preliminary session
In a preliminary session, a case history was taken and various screening tests were performed to ensure suitability for inclusion in the study. An objective refraction was performed in all participants with the COAS aberrometer (Wavefront Sciences, Albuquerque, New Mexico; Cheng, Himebaugh, Kollbaum, Thibos, & Bradley, 2003) . This instrument contains an internal target that it steps prior to readings in an attempt to relax the participant's accommodation.
Infrared optometer calibration
The participant was positioned in the Badal optical system with a chin rest and headrest to maintain the eye steady. Eye position was monitored and aligned continuously by one of the investigators with an infrared camera and video display. The first Purkinje-Sanson image was used as a reference point for aligning the eye. The participant wore no contact lenses at this stage of the procedures.
The participant viewed the ship's wheel target monocularly with the left eye. In this case, the target was illuminated by white light (colour temperature 3000 K). The output of the infrared optometer (Volts) was calibrated against accommodation response (D, measured with bichromatic stigmatoscopy) while the target was presented at various stationary stimulus distances (Lee et al., 1999) .
Accommodative ability screening
Following infrared optometer calibration, the participant's ability to accommodate to monochromatic light was examined. For this task, the participant viewed the target moving sinusoidally between 1 D and 3 D at a temporal frequency of 0.195 Hz for 40.96 s. Participants were given the following instruction: 'Look at the cross-and-circle target naturally, the same as you would if viewing it in a book or magazine. Look at various points near the centre of the target, but do not stare continuously in one place.' Three trials were run, and then participants were excluded at this stage if their accommodative gain was poor. Six volunteers were excluded for this reason (see also Section 2.1).
Trial contact lens fitting
A 5-min trial fitting of the control contact lens was made to ensure an adequate and comfortable fit of the lenses. Criteria were lens movement of greater than 0.5 mm but less than 2 mm on eye blink in sursumduction, and no blepharospasm, discomfort, excessive blinking (inter-blink interval less than 2 s), or excessive tearing. No volunteers were excluded due to poorly fitting lenses.
Main trials
In the main experimental trials, measures of ocular wave front aberration and accommodation were made while the participant wore each of seven contact lenses or no contact lens. The order of test conditions was randomized without replacement, and this order was changed for each participant. The participant was kept unaware of the experimental condition that was being presented, although by the nature of the study they Fig. 5 . Ship's wheel target. Its angular diameter is 5.3°.
were aware of contact lens versus no contact lens conditions. Contact lenses were allowed to settle on the eye for 5 min after insertion. After this time, the lens was examined to ensure that it was fitting appropriately and was comfortable for the participant.
An objective refraction was then performed with the COAS aberrometer while the participant wore the contact lens or no contact lens, and while the COAS (or sometimes the examiner) adjusted the internal target vergence to relax the participant's accommodation. Between 3 and 4 readings were then taken of wave front aberration with this nominally 0-D stimulus. Then, the internal target of the COAS was moved manually to provide a 2 D stimulus to accommodation, and six consecutive readings of the ocular wave front aberrations were taken. A 2 D stimulus was used to match the mean target stimulus level during accommodation measurements (see later in this section), and because some ocular aberrations change with accommodation level, particularly spherical aberration (Cheng et al., 2004; Ninomiya et al., 2002) . The first two sets of measurements with a 0 D stimulus were used to determine the value of the aberration induced by the CL on the eye (see also Section 2.2).
After wearing the contact lens at least 15 min, the participant then moved to the Badal optometer for measurements of accommodation. The conditions and instructions were the same as for the accommodative ability screening (see above). Accommodation was sampled for 40.96 s while the participant viewed the quasi-monochromatic ship's wheel target as it moved sinusoidally between 1 D and 3 D at 0.195 Hz. Because the participant was wearing a contact lens in all but the no-lens condition, it was essential to correct for any residual defocus and astigmatism present in the objective contact lens over-refraction with the contact lens. The examiner used a spreadsheet to determine the optimal trial lens to put in place given the contact lens over-refraction and the vertex distance of the trial lens. The estimated residual cylindrical refractive error (N = 9 participants) was on average 0.20 D (corresponding to 0.13 lm for a pupil of 5.7 mm), with a range of 0.01-0.88 D. Three 40.96 s recordings of accommodation were then made with intervening rest periods.
At the end of the trials, an estimate of the resting level of accommodation was made while the participant viewed the target through a 0.75-mm pinhole pupil imaged close to the entrance pupil of the eye. A 20.48 s recording of the accommodation response was made.
Before the participant left, and after contact lenses had been removed, topical fluorescein was instilled and the eye examined for any signs of corneal insult. Between patient visits, contact lenses were disinfected with a commercial 3% hydrogen peroxide cleaning system.
Analysis
Wavefront data were analyzed by the COAS instrument and expressed as an OSA compliant Zernike polynomial expansion (Thibos, Applegate, Schweigerling, & Webb, 2002) through the sixth Zernike order. In the present study, the sixth order was discarded, and only the fifth and lower orders were used in analysis. Wavefront measurements from a trial were discarded if the eye's entrance pupil diameter was smaller than 5.7 mm. Of the remaining trials, three per condition were sampled at random. For each trial separately, a Zernike-Taylor-Zernike conversion procedure (Atchison, Scott, & Cox, 2000) was used to interpolate all coefficients to a standard reference pupil size of 5.7 mm; thus matching the artificial pupil size during accommodation measurements.
The Zernike coefficient set for the control no-lens condition was taken as the baseline against which the contact lens results could be compared. The RMS of the in vivo contact lens aberration was calculated for the third Zernike order, ignoring second-order astigmatism on the assumption that it was reasonably well corrected with trial lenses.
Accommodation data from each trial were analysed by fast Fourier transform (FFT) to determine gain and phase of the response at the temporal frequency of target motion. Blinks were removed and replaced with a linear interpolation between the pre-and post-blink points. To reduce spectral leakage in the FFT, the mean and linear trend were subtracted from the data prior to analysis, and a Hamming window was applied. Gains and phase lags for each condition were vector-averaged to provide a mean gain for each condition. Gain was calculated as the amplitude of the response divided by the stimulus amplitude. Participant 12 exhibited a spasm of accommodation with the low sphere CL, and so these trials were excluded. This effect was observed only once in all trials for all participants.
Results
Sample accommodation responses are shown in Fig. 6 . Mean accommodation response gains in the group as a function of condition are shown in Fig. 7 . In comparison to the no-lens control, there was little effect of the low trefoil and low coma contact lenses, but the high trefoil and high coma lenses appear to have reduced the accommodative gain.
These observations (and others later) were tested with a non-parametric, randomization test alternative to MANO-VA (Edgington, 1995; Stark, 2000) . Probability values were calculated with 200,000 random enumerations for omnibus tests, and 10,000 random enumerations for pair-wise multivariate and univariate comparisons (Manly, 1991) . In addition, approximate parametric 95% confidence intervals for the mean difference in accommodative gain (Dg) between conditions were calculated.
In comparison to the no-lens control condition, there was no statistically significant effect on accommodative gain of the low sphere CL (p = .46; Dg = À0.03, 95% CI À0.14 to +0.08), the low trefoil CL (p = .24; Dg = +0.05, 95% CI À0.06 to +0.15), low coma CL (p = .98; Dg = 0.00, 95% CI À0.10 to +0.10) or high trefoil CL (p = .096; Dg = À0.14, 95% CI À0.32 to +0.04). The effect approached, but did not reach, significance for the high coma CL (p = .075; Dg = À0.16, 95% CI À0.38 to +0.06). In comparison to the low sphere CL there was no statistically significant effect of the low trefoil CL (p = .11; Dg = 0.08, 95% CI À0.03 to +0.18), the low coma CL (p = .77; Dg = 0.01, 95% CI À0.12 to +0.15), high trefoil CL (p = .30; Dg = À0.08, 95% CI À0.27 to +0.12) or high coma CL (p = .096; Dg = À0.13, 95% CI À0.30 to +0.03). Confidence intervals demonstrate that the low levels of trefoil and coma are unlikely to produce important increases or decreases in accommodative gain. However, the confidence intervals for the high levels of trefoil and coma are quite wide, and so with the current sample we cannot rule out the possibility of decrements in accommodation with these lenses.
It was of interest to determine whether accommodative gain was related to the change in third-order aberrations from everyday viewing conditions; namely, the no-lens control condition. The difference in accommodative gain between each contact lens condition and the control nolens condition was then calculated. A value of 0.00 indicates no effect of a particular condition on accommodative gain. A negative value indicates poorer accommodative gain with a particular CL, and a positive value better accommodative gain with a particular CL. For each third Zernike order aberration term, the change in its coefficient from the no-lens condition to a particular contact lens condition was calculated. The RMS of these differences was then used as a measure of how much the eye's third-order aberrations had been changed by wearing a particular contact lens. Plots of these data are given in Fig. 8a and b . Only the high coma CL appeared to produce a notable decrement in accommodative gain.
These observations were tested with a randomization test alternative to MANOVA (Stark, 2000) . There was a significant overall multivariate effect of CL condition (p < .000005). The results of subsequent pair-wise bivariate and univariate tests are summarized graphically in Fig. 9 for a 0.05 significance level. This figure is similar to Fig. 8 , but group mean values for each CL condition are plotted. In this figure, a solid diagonal line indicates a significant difference along both ordinate and abscissa. A solid horizontal line indicates a significant difference along abscissa only; namely in RMS aberration. Such a line indicates that the CLs induced significantly different amounts of aberration. A vertical dashed line indicates no significant difference along the ordinate; namely in accommodation. Otherwise, the absence of a line connecting two points indicates no significant difference between the two conditions. The dotted lines on the left hand side of the figure indicate that accommodative gain in all CL conditions did not differ significantly from the no-lens condition. Thus, while the high trefoil and high coma conditions appear to cause a reduction in accommodative gain, this decrement is not statistically significant.
While accommodation responses in the two trefoil conditions are not significantly different from the no-lens control, there is a significant difference in accommodation between the two trefoil conditions (Fig. 9, p = .016 ). This would be consistent with the low trefoil CL causing a small non-significant increase in accommodative gain, and the high trefoil CL causing a small non-significant decrease in accommodation. The high coma CL leads to a significantly poorer accommodation response than the low trefoil CL (p = .033). The high trefoil CL leads to a significantly poorer accommodation response than the low coma CL (p = .016). In summary, it appears that quite marked changes may be induced in the third-order aberrations of the eye before accommodation is affected. Specifically, there are no significant decrements with about a 0.2 lm change in third-order RMS, but effects approach or reach significance at about 0.8-1.0 lm.
Discussion
The study of the possible use of high-order aberrations on accommodation has been mainly investigated in the last four years by researchers who found different and in some cases contradictory results (Chen et al., 2006; Fernández & Artal, 2005; Wilson et al., 2002) . The number of participants in each of these studies was relatively small; in one study, only results for two participants were presented (Fernández & Artal, 2005) . Two studies used as a parameter some aspect of the latency or speed of accommodation after complete (Chen et al., 2006) or partial (Fernández & Artal, 2005) adaptive optics correction of the ocular aberrations. A third study investigated the ability to perceive differences in the hyperopic and myopic point spread functions, but did not measure accommodation (Wilson et al., 2002) .
In the present study, we adopted a different approach by inducing (instead of correcting) higher-order aberrations in a larger group of participants while making continuous recordings to obtain the gain and phase of the dynamic accommodation response. This paradigm-of making significant changes in some ocular parameter to test its effects on accommodation-has been used previously; for example, with longitudinal chromatic aberration (Kruger et al., 1993) , and the Stiles-Crawford effect (Kruger, López-Gil, & Stark, 2001) .
If the visual system were using odd aberrations as a cue for accommodation, then a number of effects could be hypothesized when odd aberrations are induced by custom contact lenses. (1) Habitual odd-order aberrations as cue. If an individual uses their own habitual odd-order aberrations as a cue and cannot adapt quickly to new levels and types of aberrations, then a decrement in accommodation might be expected. (2) Induced odd-order aberrations as an enhanced cue. Conversely, if the new higher level of odd-order aberrations provides an enhanced cue that the individual can learn to use quickly, then an improved response might be expected. (3) Loss of contrast due to odd-order aberrations. The new higher levels of odd-order aberration could cause a loss of high and mid spatial frequency information; reducing the accommodation response because the spatial frequency content of the target is not optimal (Mathews & Kruger, 1994) . (4) Masking of cues by odd-order aberrations. Finally, large levels of induced odd-order aberration might make it more difficult for an individual to discern other cues to focus direction. Thus, the response might be poorer not because the oddorder aberrations provide a cue, but because they mask or interfere with other cues.
Our theoretical analysis (Appendix A) weighs against (but does not disprove) the first two of these hypotheses. That analysis assumes an even function for the pupil margin and an homogeneous pupil transmittance function; assumptions which may or may not be met in practice. However, our empirical results show no evidence of significantly improved accommodation with induced odd-order aberrations, and so do not support hypothesis (2). With very large levels of induced odd-order aberration (approximately 0.8-1 lm), there is a decrement in accommodation that approaches or reaches significance, but only in some conditions. Such a finding would seem to support hypotheses (1), (3) or (4). Nevertheless in reference to hypothesis (1), the changes in third-order RMS aberrations induced by the high trefoil and high coma conditions were large in comparison to the natural eye aberrations: on average, by factors of 4.4 and 3.5 times, respectively. If the habitual trefoil and coma are used as cues, then it becomes difficult to explain how accommodation remains so robust when those aberrations are manipulated experimentally to such high values.
In reference to hypothesis (3), the effects of the high trefoil and high coma CLs on the in-focus modulation transfer function were estimated with a reduced schematic eye for a 5.7-mm pupil and monochromatic 555-nm light (Zemax; Bellevue, Washington). Representative values of 0.93 lm of trefoil and 0.78 lm of coma were used. In the dynamic conditions of the current study, mid spatial frequencies (3-5 cpd) provide the best stimulus to accommodation (Mathews & Kruger, 1994) . Over this range of spatial frequencies, and in comparison to the diffractionlimited case, modulation was estimated to vary between 0.14 and 0.49 for the high trefoil condition, and between 0.17 and 0.46 for the high coma condition. There are few available data on the effect of contrast on dynamic accommodation (Bour, 1981; Mathews & Kruger, 1989) . Based on inspection of Bour's (1981) data (N = 2) for a 4 cpd grating, accommodation gain falls by approximately half with a 10 dB loss in target contrast. Mathews and Kruger (1989) noted a reduction in accommodative gain with a 3 cpd grating from 50% to 20% contrast, and then a faster linear decline in gain as contrast dropped to 5%. The magnitude of accommodative gain was not specified in that abstract. There are thus, insufficient data at present to evaluate fully the hypothesis that accommodation was poorer in the high aberration conditions due to a reduction in target contrast.
Under hypothesis (4), a decrease in accommodation with odd aberration occurs because these aberrations mask other useful cues; perhaps cues from even aberrations, so the accommodative system may have to resort to an even-error (trial-and-error) focusing mechanism.
So, as expected from the demonstration in Appendix A, our results, in agreement with those of Chen et al. (2006) , suggest that odd high-order aberrations such us coma and trefoil probably do not play a role in dynamic accommodation. It is possible that even-order aberrations play a role in dynamic accommodation while odd aberrations do not. In this case, we could wonder if the induction of even aberrations might benefit dynamic accommodation. Some have suggested that astigmatism, which is an even aberration, may provide a cue to accommodation. As far as we know, there has been only one relevant experiment on this topic, which was reported by Miege (1988) in his thesis. Miege found that dynamic accommodative gain decreased in the presence of up to 1.5 D of induced astigmatism.
It is also interesting to point out that in our experiment, the contact lenses designed to induce a large value of coma also induced some positive value of spherical aberration (see Fig. 4 ) due to the manufacturing process. So, in principle, that contact lens could provide an extra cue for accommodation given that the added spherical aberration will produce differences in the PSF with a positive or negative sign of defocus. However, as shown in Fig. 7 , that contact lens gave the lowest accommodative response gain. This argument cannot be made too convincing, as it is a single case.
In summary, our results suggest indirectly that natural ocular third-order odd aberrations are not used as a cue for accommodation. Secondly, they demonstrate that the visual system, at least in the short term, does not adapt to use induced third-order aberrations as a cue for accommodation. These findings agree with our theoretical demonstration (Appendix A) that odd-order aberrations, by themselves, cannot indicate the sign of defocus. With high levels of induced third-order aberration (of about of 0.8-1.0 lm) there are in some cases decrements in accommodative performance. We speculate that these small effects could be due to loss of contrast in the retinal image with high aberration, or because the odd aberrations hide other useful cues to accommodation.
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Appendix A
Let the monochromatic wave front aberration of the eye W(x, y) for wavelength k be comprised of an even function E(x, y) and an odd function O(x, y); that is, W(x, y) = E(x, y) + O(x, y). The even function represents the sum of wave front aberration functions (such us defocus or spherical aberration) that are invariant under a rotation of 180°. The odd function represents the sum of wave front aberration functions (such as coma or trefoil) that change under a rotation of 180°.
The pupil amplitude transmittance function P(x, y) is a real function that represents the transmittance of the entrance pupil as a function of pupil location (x, y). Here, it is assumed to be an even binary function. Thus, P is invariant under rotation of 180°, and is uniform (taking a value of 1.0) within the pupil margin.
The eye's intensity point spread function is PSF(u, v), where u and v are object space coordinates corresponding to a projection of the PSF in to object space. The PSF may be obtained from P and W by way of the Fourier transform (FT The above mathematical demonstration shows that in the presence of odd monochromatic aberrations, and assuming a real, even and uniform pupil amplitude transmittance function, the PSF is the same regardless the sign of the even aberration function E(x, y). Further, if it may be assumed safely that this even function is comprised entirely of spherical defocus, then the odd aberrations in this case cannot provide a cue to the presence of hyperopic or myopic defocus, and so cannot be used as a cue to accommodation. Another way to understand the insensitivity of the monochromatic ocular PSF to the sign of defocus when the wave front is comprised only of defocus and odd aberrations, is to take into account that two wave fronts W and W 0 , defined as W(x, y) = O(x, y) + defocus, and W 0 (x, y) = O(x, y) À defocus, are odd functions with respect to each other. Then W(x, y) = ÀW 0 (Àx, Ày), so producing the same PSF.
